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By W. C. Williams and A.. S. Crossfleld 


The requirements for satisfactory handling qualities vere first 
proposed by Gllruth In 19^0. These requirements vere based on fllg^it 
tests of many airplanes up to 1940 and vere furtl^r substantiated by 
fll^t tests of tte World War II airplanes . The results of these tests 
led to the Army-na-vy specifications for satisfactory handling chE^act«- 
Istlcs. Since that tlme^ hove-ver, there have been drastic changes In 
the speed range and configuration of the airplanes . It Is desirable to 
compare the fng qualities of some of these never aircraft vlth the 

requirements. In this paper^ the attempt vlU not be to describe com- 
pletely the handling characteristics of al3 the research airplanes but 
vlll be to describe objectionable characteristics and those vhlch Indi- 
cate revlev of the requirements. These handling qualities are discussed 
In an order slmllBr to the specifications. TTie longitudinal, case Is 
described first . 

One of the primary longitudinal characteristics Is the elevator 
angle required to trim the airplane through the speed range. In fig- 
ure 1, the variation of elevator angle required, for trim vlth Mach 
nvunber for the X-1 xmavept-wlng, the D-55^I unsvept-vlng, the 
D-^^8-II svept-vlng, and the X-4 svept-vlng tailless alrplEuoes Is pre- 
sented. As shovn^ all the airplanes undergo a longitudinal trim 
change at transonic speqds . In addition^ the variation vlth Mach num- 
bers at supersonic speeds Is unstable. These ere trim changes and not 
Instabilities since throu^ this speed range the airplanes are ectremely 
stable vlth change In lift coefficient at any given speed except as 
discussed subsequently. 'The elevator effectiveness Is very lov at these 
speeds and as a result ^ If the airplane Is not trimmed absolutely cor- 
rectly vlth the elevator, the rate of divergence Is reasonably slov. 

It shovild be noted that the data for the X-1 and D-^^-II vere talen at 
tvo different stabilizer settings. The blank area In the D-^^8-II plot 
Is caused by the fact that our flled^t plans to date have required stabi- 
lizer maneuvers in this speed range and hence elevator data are as yet 
unavailable. The maneizverlng characteristics are discussed subsequently. 

Much of these trim changes are primarily caused by changes In ele- 
vator effectiveness and vary vlth stabilizer Incidence. In order to 
illustrate this point further, figure 2 gives the variation of elevator 
angle vlth Mach number at various stabilizer settings for both the 
X-1 airplane eind the F-86A airplane. As cEtn be seen .In this figure, the 
variation of elevator angle vlth Mach number can be markedly changed by 
small changes In the stabilizer Incidence. It should be noted that In 
the case of the X-1 the trim change can be varied from nose-down to 
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nose-up by changing bhe stabilize^ sebblng. The. tvo extreme stabilizer 
settings in the case of the X-1 Indicate the limiting conditions of 
elevator deflection. Obviously, in this region the elevator is not a 
good trimming device. Also shown Is variation with Mach number of the 
stabilizer incidence required for trim with zero elevator angle, that 
is, an allHOOvable tail. As can be seen, this variation Is very small. 

The increase in stability coupled with the 2jobs In elevator effec- 
tiveness in this speed range causes a great increase in the elevator 
required to maneuver. This is illustrated in figure 3 where the eleva- 
tor per Tonlt Cna ®nd the stick force per .. _g are plotted as functions 
of Mach number for the D-558-I, the X-1, the X-4, and the D-558-H air- 
planes. These data apply for moderate lift changes from straight fllepit. 
It Is shown In this figure that above a Mach number of about 0.8 all 
these airplanes experience very large changes in elevator required for 
maneuvering. The stick force per g Is extremely high, but even If 
boost were used to reduce the forces, the maneuvering characteristics 
would still be poor because of the lar^' Elevator ' angles required per 
unit Cu^. These values are well la excess of the elevator deflection 
range of the airplanes which Is of the order of 25 ° total travel. 

In order to maneuver the airplanes to any reasonable degree in 
this speed range, we have had to use the adjustable stabilizer as a 
maneuvering control. The required stabilizer angles for maneuvering 
do Increase with Mach nimiber because of the stability change as cgui be 
seen In figure 4 where the increment of stabilizer incidence required 
for unit Cna plotted as a function of MEu:h number ..for the 

D-^^8-II airplane. The stabilizer required Is not extremely large when 
compeLred to the elevator deflection required. Also included in this 
pint are data frtaa the Langley 8-foot high-speed timnel which indicated 
the same trend as measured In fll£^t. Maneuvering with an adjustable 
stabilizer Is not satisfactory. Thw stabilizer Is actuated by a switch 
dn the control column. With high rates of deflection, that Is, '2^ or 
3° per second. It is very difficult to position accurately the stabilizer 
and thereby maneuver the airplane properly. . The rates usjed are of the _ 
order of 1° per second. With these rates, the stabilizer can be posi- 
tioned precisely but cannot be maneuvered rapidly. Actually, for good 
contx^)!. It would be required to have a surface that Is directly linked 
to the stick and 'the travel of which Is proportional to stick displacement 

In the case of the X-1, by maneuvering the airplane with the 
stabilizer maximum lift has been reached at all Mach nushers up to 
a Mach number of 1.0 euid hi gh values of nDm»l-force coefficients at 
speeds In excess of Mach number 1.0. ITo adverse stability and control 
characteristics were experienced below maximum lift but buffeting, which 
was encountered at the bi gb .lift coefficients, limited the maneuvers^ 
blllty of the airplane. In the case of. the D-558-H# the X-4, and the 
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F-86&, the situation Is markedly different. With these airplanes, a 
change In stahlUty occurs at lift coefficients well below Tnaiclmiin lift 
of the airplane and before buffeting becomes severe. This stability 
change, called pltch-up, was experienced at low speeds on the 
D-^^S-XZ airplane during tests several years ago. Since then the 
tests have been expanded over a greater speed range. Figure ^ 
presents a time history of elevator angle, angle of attack, and normal 
acceleration in a wind-up turn at a Mach number of 0.91 with the 
D- 558 -II airplane in. which this type of Instability occurred. It should 
he noted that, while the elevator motion remains smooth, the angle of 
attack takes an abrupt Increase with an accompanying change In the 
normal acceleration. The average rate of this abrupt angle-of-attack 
lnc3Tease Is of the order of ZQP per second as compared to the l/2° per 
second rate through the ccmtrolled part of the maneuver which amounts 
to an Increase in rate of change of angle of attack of some ^ times. 

In no case has It been possible to check this pltch-up without an 
Increase In normal acceleration of at least 1 g. 

To further Illustrate this pltch-up and the manner of analysis, 
figure 6 presents the variation of elevator angle and normal-force 
coefficient with angle of attack. The point of Instability is defined 
as the point at which there Is an abrupt change in the variation of 
elevator emgle with an gi« of attack. It should he noted that there Is 
a change In lift-curve, slope. This change In lift -curve slope actually 
makes It mandatory to consider the elevator -angle variation with angle 
of attack. If considered In the usual case with normal-force coeffi- 
cient, the severity of the pltch-up could be misleading. 

From a series of maneuvers such as these, the normal-force coeffi- 
cient at which the airplanes pitch up or become unstable through the 
transonic Mach number range has been determined. The results of these ■ 
measurements are shown In figure 7 which presents the variation with 
Mach number of the normal-force coefficient at which pltch-up occurs 
for the X-ij- airplane, the D-558-H airplane, and the F-86 a airplane. 

Also presented Is the variation with Mach number of the lift coefficient 
required for level fll^dit at to, OCX) feet with wing loadings of to, 80 , 
and 120 pounds per square foot . In the case of the X-4, the boundary 
has only been described up to a Mach number of 0.86 since above this 
Mach number Insufficient elevator control Is available to reach the 
lift coefficients at which pitch-up occurs. 3h. the case of the D-558-H, 
-the boundary has been defined up to a Mach number of 0.9^. At a Mach 
number of 0 . 95 , bhe pltch-up' occurs, as can he se^, at a normal-force 
coefficient of about O.to. Above this Mach number and up to a Mach nim- 
ber of 1 . 30 , the airplane has been maneuvered up to normal-force coeffi- 
cients of 0.4 to 0.5 Bud has riot encountered an instability which Indi- 
cates, at least, that the for. pltch-up does not decrease further 

as the Mach number Is Increased. Whether such a hoimdeuTy exists . 
supersonically Is not known at this time. In the case of the F-86A, the 
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boundary has been definitely established as shown up to 0.9^ Mach num- 
ber. These testSj which were made at the Ames Laboratory, Indicate that 
above this Mach, number no pltch-up occurred to a lift, coefficient of .0.7« 
The significance of these data Is about as follows: Th«» 1(0- to 60-pound 

wing loadings correspond to present-day fighter -type airplanes and the 
modem bombers would fs.ll Into the 8o- to 120 -pound category. It can be 
seen that, with the fleeter -class wing loading and the Instabil- 

ity boundary, the maneuver margin under the Instability boundary for 
maneuvering Is extremely small which means that at a relatively low 
value of g the airplane will pitch up. The heavier loahed airplanes, 
as can be seen, actually encounter this pltch-up in straight flight, and 
In the case of airplanes which have large control forces, this could be 
extremely severe and dangerous. Th^ pilot's opinion Is^ that, a pltch-up of 
the nature of the case would be Intolerable In a tactical air- 

plane. At the Ames Laboratory with the F-86A airplane, tests were made 
of the effects of vortex generators and boundary-layer fences. At a 
Mach number of 0.90 the vortex generators raised the normal-force coeffi- 
cient at which pltch-up occurred approximately O.lCiq^^ with no apparent 
untoward effects on the characteristics of the airplane. The boundary- 
layer fences at the same Mach number Increased the at which pltch- 

up occvirs 0.2} however, these fences were rather large and there were 
three per wing and, althovtgh no exact measurements were made, it was 
Indicated that there was a large drag Increase In connection with these 
fences. An additional outboard fence was tried bn the D- 558-11 elri>lane. 
This fence was small and did hot appear to chaii^" appreciably the Cn^ 
at which pltch-up occurred but It did appear to eul,levlate the pltch-up 
somewhat. The pilots report that they could control thP pltch-up better 
with the fences Installed. 

The lateral euid directional stability and control characteristics 
of these airplemes are now discussed. As far as the static directional 
stability Is concerned, ho serious problesm have arisen with the possible 
exception of a qharsTcterlstlc of the XF-9^ airplane in aileron rolls 
In approach condition. This was reported during the Air Force evaluation 
and the pilots described it as excessive' adverse yaw. Figure 8 presents 
a time history of a rudder-fixed aileron roll in landing configuration 
at 195 miles per hour. Notice that while the sideslip does not exceed 
6P , which Is not excessive, the dihedral Is very high and reduces the 
rate of roll to a very low value \mtll the sideslip diminishes. Because 
the airplane rolls about the body axis at hl^ 'angles of attack, the 
yaw develops rapidly with the angle . of bank.. . A . combination of hlgdi 
dihedral and low directional stability has given similar results In 
airplanes In bhe past. With the XF-92A there Is also hlgd^ side force 
which may add to the pilot's discomfort. When the NACA receives the 
airplane the problem ylll, be .studied wlthja . view. tp. .solution.. 
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with dynamic lateral and directional stability, difficulties have 
been experienced. The X-1 shaking oscillation has been described quite 
completeily In the pest. A solution has not been found but it must be 
remembered tlat calculations indicate the tall loads required to sustain 
the snaking were of the .order of ±10 pdunds, - . 

With the X-Jf- airplane, an undamped oscillation about all three axes 
at a Mach number of 0.88 has been experienced. In figure 9 the time 
lilstorles of normal acceleration, rolling velocity, control positions, 
and sideslip are shown. The pitching appears predominant to the pilot. 
The small undamped yawing oscillation at this. speed Induces a pitching 
oscillation at twice the frequency of the yawing oscillation. The 
pitching is appeirently amplified because the natural frequency in pitch 
Is twice that of yaw as shown in figure 10. These data were obtained 
from rudder kicks and stick Impulses, and Incidentally, In all maneuvers 
where there is yawing there is pitching at twice the frequency. Fig- 
ure 11 shows that at 0.9 Mach ntimber the yawing oscillation diverges, 
rolling becomes large, and the whole motion Is Intolerable. The violence 
is attested by the control motions which result from accelerations on 
the pilot. Lateral accelerations reach ±1 g. . The Irregularity of 
pitching is probably caused by the control motion. 

Another very interesting dynamic lateral stability problem arose 
during the manufacturer ’.s demonstration of the D-558-II airplane. As 
has been previously reported, the damping of the lateral oscillation at . 
subsonic Mach numbers is very light, in the landing configuration the 
as dilation is completely undamped from about 2CXD to 250 miles per hoiir. 
In eeu^ly attempts to reach ntavinimn speed undamped lateral oscillations 
with accompanying rudder oscillation occurred. Interesting is the fact 
that power-on of the rudder is positive and power-off is negative. 

An explanation Is the wldp expansion of the rocket exhaust at the low 
atmospheric pressures above 60, 000 feet, which causes a family of shock 
waves in the rudder region . Thft ruddeir was locked and the speed range 
was extended to 1.87 Mach number. A large lateral oscillation occurred 
at the higher speeds and Is shown in figure 12 where time histories of 
Mach number, normal acceleration, aileron angl^, trolling velocity, and 
sideslip are . given. 

It shoiild be noted that at the time the airplane exceeded M = 1.4 
or 1.5 and was pushed over to. about 0.2g, "a lateral oscillation began. 
The pilot used aileron control and initially was able to control the 
oscillation although he did not stop it. Ee later got out of phase 
with the motion and the oscillatlan d,l verged. Again the airplane 
, oscillated in pitch with a frequency twice that of yaw but was not 
resonant. As the airplane slowed down to below a Mach number of 1.4 
and the normal acceleration was Increased above 0.2g the osoillation 
began, to damp. ' ' - . 
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In order to Isolate the effects of Mach number and lift coefficient ^ 
the MCA flew a similar flight but at higher nonoGil acceleration which 
Is shown In figure 13 • The main difference- of the 'two flights Is the 
hle^r g . and lover maximum speed on the MCA flight. The motion was 
much less violent but again 1.4 Mach, number appeared to bound the oscilla- 
tion. As was predicted and as shown in figure l4, the directional 
stability Cn^ 1b decreasing with Mach number Increase . Also shown is 

a test point from the langley 4- by 4-foot supersonic pressure tunnel. 

An explanation for the oscillation lies In the diminishing directional 
stability of the airplane. ■ 

Another transonic problem Is the wing heaviness. Figure 1^ presents' 
the vEurlatlon of aileron required to fly with the wings level with Mach 
number for the X-1 and F-86A airplanes. Rbtice that the wing heaviness 
Is extremely sensitive to sideslip. If aileron is required at zero 
sideslip for trim, the lateral trim change will be approximately propor- 
tional to the loss In effectiveness. This phenomenon has also been 
experienced on the D-^^8-I and to a small degree on the D-^^8-II. Pre- 
liminary work on the D-558-I showed that vortex generators will relieve 
wing heaviness. Further investigation by the Ames Laboratory on the 
F-86 a shows that vortex generators greatly reduce sensitivity to sideslip. 

Lateral, control effectiveness warrants further consideration. Fig- 
ure l 6 presents maxlntum rolling rates and the maximum helix angles against 
Mach number for the X-1, the X-4, and the D-558-II as measured in abrupt 
rudder -fixed aileron rolls. The X-4 data were taken at 30,000 feet and 
the X-1 and D-558-II at 40,000 feet. The pb/2V values shown are not 
hl^ and In all cases are less than the Air Force requirements of O. 09 . 

The rolling velocities, however, approached 300° per second, while the 
requirements state that 220° need never be exceeded. These are very 
fast rolls. With these hle^ rates, rolling accelerations are important. 
Figure 17 paresents a time history of an X-4 roll at 31j000 feet at 
0.81 Mach number. From the variation of rolling velocity and bank angle 
with time It Is seen that the maximum rolll^ velocity Is not reached 
until after 200° of rotation. Such a maneuver does not describe aileron 
requirements realistically. The time to reach 90° Is probably more 
Indicative of aileron usefulness than maximum rolling rate or helix 
angle. In addition, the design speed and altitude range must be con- 
sidered. In figure 18 , time to reach an angle of baidc of 90° for various 
aileron angles are shown for the 10-4 and the D-^^ 8 -I al:^lanes. Above 
1 ^° of aileron deflection, little Is gained because of the finite time 
required for the pilot to deflect the ailerons . Experience Indicates 
that the TniniTmini of 1 second to reach 90° Is adequate. The airplanes 
presented are considered to have good aileron control characteristics 
In the approach condition even though pb/2V Is only about 0.04 to 0.06 
because of the higher approach speeds and short spans. 
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In Bumnary, the foregoing characteristics are revleved from a 
pilot's viewpoint with regard to their serlo\isness . These fall into 
four natural categories. Category I Includes characteristics that are 
dangeznus and is^se serious limitations on the operation of the alr- 
plsne. Category II Includes characteristics that are not dangerous hut 
impose serious limitations on the use of the airplane. Category III 
includes dmiracterlstlca that are not dangerous and do not in^se serious 
limitations on the airplanes hut are very oh Jectionahle . Category IV 
has in It the characteristics that indicate change in the handling- 
qualities requirements . 

In the first category is the static longitudinal instahillty at 
moderate lift coefficients with swept vlng. Any nonlinearltles in 
variation of elevator angle with g or ang^e of attack as encountered 
in the pltch-up of the swept-ving airplanes can he vezry dangerous. 

( Static instahillty has not heen tolerated in the past and should not he 
now tolerated in tactical airplanes. 

Also in the' first category, the X-4 oscUlatlons about three axes 
are determined as having their origin in very low to zero damping In 
and hy the fact that the ratios of natural frequencies and coupled 
oscillations are similar. Largely because of these oscillations It was 
considered unreasonable to extend the speed beyond the maxlmimi Mach 
nuznber reached, nearly 0.93 • 

Also in the first category Is the supersonic undamped motion of the 
D-^^-U apparently arising tram, the low directional stability. The lev 
directional stability presents a real problem and prohably will limit 
the maximum speed attainable until some improvement Is made. 

In the second category which Is a serious limitation in the use of 
the airplanes but not of a particularly dangerous nature Is the loss of 
elevator control at transonic and supersonic speeds. The unsatlsfhctory 
elevator control requires that the stabilizer be used to maneuver. How- 
ever, for good control the stabilizer. ahovLld be linked to the control 
stick Eihd there Is no reaaon to question that the stick force per g 
and maneuvering parameters shouldn't be' of the same order of magnitude 
as in the specifications. 

The third category includes characteristics that are very objection- 
able but do not endanger the airplane or do not impose serious limitations 
on their usefulness. Th^ XF-92A case Indicates that, though adverse yaw 
Is within requirements, an airplane with hledi dihedral that Is flown at 
high angles of attack may have objectionable characteristics in roll. 

El^ side' force may add to the objection. 

Transon i c snaking, as with the Z>J., is in the third category and Is 
difficult to diagnose because of the very low fbree inputs necessary to 
sustain it. Thi s snaking on some occasloius Is hardly noticeable. 
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Again In the third category Is vlng IwaT^ess which Is more serious 
than snaking. At transonic speeds vlng h^vlness Is very sensitive to 
sideslip but apparently can be largely eliminated with the use of 
vortex generators, in a tactical alrpleme extreme vlng heaviness may 
become intolerable. 

The fourth emd last category includes the characteristics that have 
been fbund to indicate a revlav of the handling-qualities requirements. 
All the airplanes undergo lar£^ trim changes,. tranBonj.cally. These 
changes are not particularly objectionable so long as there Is sufficient 
longitudinal control to trim out the unbalEmced moments. With the 
stabilizer as the control the trim changes are small. The variation of 
elevator angle vlth speed has been unstable . In some cases . This has not 
been particularly objectionable and do^s not Imply the true stability of 
the airplane since the airplanes are very stable vlth lift.. This Is one 
point that perhaps should be reviewed dr changed In the requirements. 

The roll requirement Is another that perhaps should be reviewed. 

The rolling criterion’ of 1 second to 90° with consideration of design 
speeds and altitudes Is proposed as being a more representative 
requirement for hlf^-speed airplanes. The rates of roll attainable . 
with these airplanes are excessive and are reached at large angles of 
bank. The aileron angles are not useful except to attain these 

hlg^ rolling velocities. 


Langley Aeronautical Laboratory 

National Advisory Committee for Aeronautics 
Langley Fields Va. 



Figure 2i- Varlatlaai of elevator angle vH^.Mach. nuniber at 
various statlllzer settings for /both the X-1 airplane 
6ind the F-8^ airplane, ■ 
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Figure 3.- Elevator angle per unit «uid stick force 

per g plotted as functions of Mack number. 



Figure 4.- Elevator angle per unit Cjj^ and stabilizer angle 
per unit plotted as functions, of. MAch mmjker for the 

D-558-11 airplane . , ' 
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Figure 5.- Time history of elevator angle, angle of attack 
and normal acceleration In a vlnd-up turn. 
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Figure 6.- Variation of elevator angle and normal-force 
coefficient vlth angle of attack. 
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Figure 7.“ Variation vlth Mach number of the normal-force 
coefficient at which pltch-\ 5 > occura for the X-4, the 
D-559-1I^ Euid. P-86 aliplanes. 





Figure 8.- Time history of a rudder-fixed aileron roll In a 
landing configuration at 195 miles per hour. 
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Figure 9«- Time lilstorlea of normal acceleration^ rolling 
velocity^ control poaltlona, and aldeallp for Z-4 air- 
plane at H = 0.88. 
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Figure 10.- Period and time to dan^ to one-iialf aa^Utude 
plotted against Mach, number. 
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Figure. 11. - Time histories of normal acceleratlcm.^ rolling 
velocity, control deflection, and sideslip for X-l|- air- 
plane at M = 0.90. -- . 
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Figure 12,- Time histories from manufacturer *s demonstration 
flight of D-558-11 airplane. 
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Figure 13.- Tljne histories from. BACA, flight of D- 558-11 

aixplane. 
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Figure l4.- DirectiOBsJ. stahility parameter Cnp plotted 
against Mach number for D-558-H airplane . 
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Figure 15 .- Variation with Mach, number of aileron required 
for level flight for the Z-1. and F-8^ airpl a ne a . 




Figure 16 .- Maximum rolling rates and TnH.v<nmi« helix angles 
plotted ogalhst Mach nimiber for the X-1^ .the and 

the alxplanes as, measured in .abrupt rudder- 

fixed. aileron rolls. ' ' ’ 
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Flgiire 17 ■- Time history of angJle of hank, rolling velocity, 
and aileron angle for em X-4 roll at 31,000 feet at a 
Mach number of .O. 81 . 





Figure Ifl.- Time to reach an of hank of 90° for 

various aileron angles for the X-4 D-558-I 

airplanes. 
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